The incorporation of active oxygen scavengers in polymer packaging materials is essential to allow packaging of oxidation sensitive products. Opposed to the currently available chemical oxygen scavengers, systems based upon natural and biological components could have advantages towards consumer perception and sustainability. A modelsystem for a new oxygen scavenging poly(ethylene terephthalate) (PET) bottle is proposed using an endospore-forming bacteria genus Bacillus amyloliquefaciens as the active ingredient. Spores were incorporated in poly(ethylene terephthalate, 1,4-cyclohexane dimethanol) (PETG), an amorphous PET copolymer having a considerable lower processing temperature and higher moisture absorption compared to PET. To asses spore viability after incorporation, a method was optimized to extract spores from PETG using a chloroform/water mixture. Samples were also analyzed using a Live/Dead BacLight Bacterial Viability kit. It was shown that endospores were able to survive incorporation in PETG at 210°C. Incorporated spores could actively consume oxygen for minimum 15 days, after an activation period of 1-2 days at 30°C under high humidity conditions. Industrial relevance: The study describes a modelsystem for the use of incorporated spores genus Bacillus amyloliquefaciens as an active oxygen scavenger in PET multilayer bottles using PETG as the middle layer material. Industrially, oxygen scavengers using incorporated viable spores as the active compound could have advantages towards consumer perception, recyclability, safety, material compatibility, production costs, … compared to currently available chemical oxygen scavengers.
Introduction
During storage of many packed food products, oxygen is often unwanted because it promotes food deterioration, alteration of color and flavor and spoilage by aerobic micro-organisms (Ozdemir & Floros, 2004) . For this reason, packaging of oxygen sensitive products is mainly done in high oxygen barrier materials, often in combination with Modified Atmosphere Packaging (MAP). The weaker gas barrier properties of plastic packaging materials, such as polyethylene terephthalate (PET), compared to glass and metal, restricts their use as a container for oxygen sensitive products (Robertson, 2005) . However, even with high barrier packaging materials, the use of MAP or vacuum packaging cannot always completely remove oxygen (Brandon, Beggan, Allen, & Butler, 2009; Vermeiren, Devlieghere, van Beest, de Kruijf, & Debevere, 1999) . The incorporation of active oxygen scavengers (OS) in the polymeric matrix can improve the gas barrier properties of the package and simultaneously remove residual oxygen. Many chemical OS, based on different absorption or reaction systems, are commercially available. Several of these systems consist of an active oxygen scavenging compound incorporated in the packaging material (Kerry, O'Grady, & Hogan, 2006; Ozdemir & Floros, 2004) .
In recent years, alternative natural and biological approaches have been proposed (Altieri et al., 2004; Andersson, Andersson, Adlercreutz, Nielsen, & Hornsten, 2002; Doran & Bailey, 1986; Edens, Farin, Ligtvoet, & Van Der Plaat, 1991; Fernandez, Cava, Ocio, & Lagaron, 2008; Gosmann & Rehm, 1986 , 1988 Nezat, 1985; Tramper, Luyben, & Vandentweel, 1983) . OS based on natural and biological Innovative Food Science and Emerging Technologies 12 (2011) 594-599 components could have advantages towards the consumer such as perception, recyclability, safety, material compatibility and production costs compared to currently available chemical OS. These include biocatalytic-based systems making use of glucose oxidase (Fernandez et al., 2008) or a mixture of glucose oxidase and catalase (Andersson et al., 2002) or the use of entrapped aerobic microorganisms, capable of consuming oxygen (Altieri et al., 2004; Doran & Bailey, 1986; Edens et al., 1991; Gosmann & Rehm, 1986 , 1988 Nezat, 1985; Tramper et al., 1983) .
A significant restriction for these systems is the heat lability of incorporated biological compounds during the high temperature and pressure production process of plastic containers, such as during the production of PET-bottles (i.e. 300°C). For this reason, currently available biological systems are incorporated in water soluble polymers (Altieri et al., 2004) , gels (Gosmann & Rehm, 1986 , 1988 Tramper et al., 1983) or in a low melting wax or paraffin (Edens et al., 1991) , which limits their application in food packaging.
The aim of this work was to evaluate the applicability of heat resistant endospore-forming aerobic micro-organisms (genus Bacillus amyloliquefaciens) as an active OS in multilayer PET materials (Fig. 1.) .
Bacterial endospores (spores) are generally known to have a high resistance to dry heat (Bond & Favero, 1977; Molin, 1977; Molin & Ostlund, 1975; Rank & Pflug, 1977; Setlow, 2006) and pressure, (Gould, 2006; Nicholson, Munakata, Horneck, Melosh, & Setlow, 2000) which makes them suitable to be directly incorporated in a plastic material in the same way as a current chemical OS. Germination of these spores is initiated when water, originating from the packaged food product, is absorbed in the PET matrix (Setlow, 2003) . Although the principals of this work have been patented by the authors for industrial application (Dierickx et al., 2006; Mertens et al., 2010) , several fundamental aspects such as the survival rate and condition of incorporated spores and the oxygen scavenging efficiency of the system remained unclear. In the current study, a model system was therefore developed on which the oxygen absorption rate and the viability and condition of incorporated spores were evaluated.
Materials and methods

Organism and spore preparation
Spores of Bacillus amyloliquefaciens ID9698 were used in this study. The strain was maintained on nutrient agar (NA, Oxoid, Hamsphire, , and to consist of cyclohexane dimethanol, ethylene glycol and terephthalic acid in a molar ratio of approximately 1:2:3 (Papadopoulou & Kalfoglou, 1997) . PETG resins were pressed into round samples with a diameter of 16 mm and a thickness of 50 μm with a mold and a table press (TP400, Fontijne, The Netherlands) at a temperature of 210°C and a total process time of 3 min (2 min with no added pressure, 1 min under 30 bar). After pressing, the mold was placed in a water cooled stage under a pressure of 30 bar and subsequently cooled to room temperature. Spores were incorporated by placing spore powder in a 4% w/w (for 100 g PETG, 4 g dry spore powder was used) between two PETG plates. A new plate was pressed with a diameter of 20 mm and a thickness of 50 μm using the same press conditions.
Moisture absorption
Moisture absorption, expressed as % w/w, was determined by placing 30 g resins of PET (Eastman Chemical Company, Kingsport, USA), PETG and PETG with 4% spores in a closed recipient with 100% R. H at 30°C. Samples were measured gravimetrically every day for 5 days.
Evaluation of incorporated spores viability
Spore extraction
Processed plates were cut into homogeneous parts of 5 mm × 5 mm with sterile scissors and placed in a falcon tube containing 25 ml chloroform (VWR International, Fontenay-sousBois, France) and 10 ml sterile demineralized water. Falcon tubes were placed for 20 min in an ultrasonic bath until PETG was completely dissolved and the spores were migrated to the water phase. After phase separation 1 ml of the water phase and 1 ml of the chloroform phase were serially diluted in PPS. Counts were performed before and after pasteurization on NA using the spread plating technique. Plates were incubated for 48 h at 30°C after which they were counted. Fig. 1 . Schematic representation of a multilayer PET bottle consisting of a PETG middle layer containing bacterial spores surrounded by two outer PET layers. The inside of the bottle is in contact with the product, allowing moisture uptake of the bottle needed for spore germination. The system allows scavenging of residual oxygen from the in-bottle environment and scavenging from atmospheric oxygen permeating through the bottle wall.
Membrane integrity testing
The membrane integrity of the Bacillus spores was assessed using the Live/Dead BacLight Bacterial Viability Kit (Molecular Probes, Eugene, USA). Incorporated spores were stained by placing 10 μl of 12 μM Syto 9 and 60 μM propidium iodide on the processed plates. The Syto 9 (green dye) stains all cells, while the propidium iodide (red dye) will only stain cells with a permeable (damaged) cell membrane. On microscopic images damaged cells will exhibit green and red fluorescence, while intact viable cells will only exhibit green fluorescence. After 15 min incubation at room temperature samples were rinsed with sterile demineralized water and analyzed using a confocal microscope (Nikon EZ-C1 confocal microscope). Images were obtained using a 40× magnification and using an excitation wavelength of 488 nm and 561 nm for Syto 9 and propidium iodide respectively. As a control, a sample without incorporated spores and a sample with spores incorporated at 250°C.
Measurement of oxygen absorption
Two processed plates (0.48 ± 0.02 g) were placed in a sterile airtight glass recipient (45 ml). 5 ml solution of 50 mg l − 1 chlortetracycline (BD Medical Supplies, Sparks, USA) and 50 mg/l chloramphenicol (Sigma, Steinheim, Germany) was added to supply moisture for spore activation and inhibit any microbiological outgrowth in the recipient. Glassbeads (50 g) were added to prevent direct contact between the antibiotic solution and the plates and to reduce the headspace volume to 23.4 ± 0.2 ml. The glass recipients were flushed with 5% O 2 and 95% N 2 using a Multivac A300/42 (Hagenmüller, Wolfert-schwenden, Germany) packaging unit and stored at 30°C. Oxygen concentration in the headspace was measured regularly in four repetitions over a period of 15 days using an Oxysense 210T (Oxysense, Dallas, USA). Through each repetition, a second order polynomial equation was fitted using SPSS 17 (Chicago, USA). After calculation of the first derivative, Oxygen Absorption Rate (OAR, ml O 2 g − 1 day
− 1 ) at a residual oxygen concentration of 1 ml was calculated. After two weeks the plates were removed from the recipients, and the measurement was repeated on the empty recipient to ensure no outgrowth of micro-organisms in the activation liquid could be responsible for oxygen absorption. Bacterial counts of the activation liquid were performed by spread plating 100 μl of the appropriate tenfold dilutions on nutrient agar and consequently incubating the plates for 48 h at 30°C after which counts were performed.
Results and discussion
Polymeric matrix
The survival rate of incorporated spores is expected to be highly affected by the polymer processing conditions, such as temperature, retention time and pressure. Inactivation of microorganisms by heat is reflected by an exponential course, meaning that small changes in temperature or time will have a great effect on the survival rate of microorganisms. During the injection blow molding process used for PET bottle production, temperatures up to 280-300°C (Irwing, 2009) are reached to allow a complete melting of the crystallites. By choosing PETG, an amorphous copolymer of ethylene terephtalate and cyclohexane dimethanol (Fig. 1) processing temperature can be significantly lowered to 210-220°C (Rosato, Rosato, & Rosato, 2000) .
After incorporation of the spores in the dormant form, rehydration of the polymeric matrix due to food contact is necessary for spore germination. Moisture uptake at 30°C and 100% R.H. for PET and PETG with and without spores is given in Fig. 2 .
After a period of 5 days, the moisture absorption for PET and PETG was respectively 0.44 ± 0.01% and 1.18 ± 0.03%. The incorporation of spores in PETG further increased moisture uptake to 1.29 ± 0.04% after 5 days. The higher moisture absorption rate and capacity measured for PETG compared to PET can be explained by the degree of crystallinity of the materials. For semi-crystalline polymers, a lower degree of crystallinity implies a higher moisture uptake because less moisture can be absorbed by crystalline zones compared to amorphous zones, due to the higher density of crystallites. Therefore, amorphous materials, such as PETG, have a higher moisture uptake rate and capacity. The increase of moisture uptake caused by the incorporation of spores can be explained by the hydrophilic nature of bacterial spores and cells in general. The outer cell wall is negatively charged allowing for dipole interactions with absorbed moisture.
Viability of incorporated spores
Spore extraction
Dry Bacillus amyloliquefaciens spore powder containing 10.7 ± 0.1 log spores g − 1 powder (meaning that 1 g spore powder contains 10 10.7 ± 0.1 spores) was produced and incorporated in PETG plates in a 4% w/w concentration resulting in 9.3 ± 0.1 log spores g − 1 PETG.
These PETG plates were used to evaluate spore viability after the plate production process and the ability of incorporated spores to absorb oxygen. A method was optimized to separate incorporated spores by dissolving PETG plates in chloroform and extracting spores with sterile demineralized water. Spores are known to be extremely resistant to chemicals and solvents (Setlow, 2006) . Tests showed that a contact time of 5 min with pure chloroform induced a reduction of 0.95 log spores ml − 1 . The effective exposure time of spores to chloroform in the extraction protocol will be significantly lower due to the fast migration of spores to the water phase after extraction from PETG, so that no significant reduction in spores is to be expected.
A logarithmic distribution ratio ðLog D chlor/water = Log D = spores ½ chlor spores ½ water Þ of −4.5 ± 0.8 was achieved, meaning that minimal loss of spores occurred in the extraction process. The concentration of viable spores in pressed plates directly after pressing was 8.0 ± 0.5 log spores g − 1 PETG, starting from the incorporated 9.3 ± 0.1 log spores g − 1 PETG. The plate production process caused therefore a reduction of 1.3 ± 0.5 log spores g − 1 PETG.
No significant difference was found between total viable counts and spore counts, pointing out that only non-germinated spores were presented in the pressed plates. After 15 days storage of the plates under high humidity at 30°C, the concentration of viable spores was 7.8 ± 0.3 log cfu g − 1 PETG, meaning no significant change in spore count was observed. Again no significant difference between viable and spore counts was observed. Two factors can account for this. Firstly, a dormant spore has an approximate size of 1 μm, while for a vegetative cell this will be several times higher. The free volume needed for outgrowth of a spore to a vegetative cell will not be present in the PETG matrix. If the minimal growth conditions for spore germination are met, spore activation will start without vegetative outgrowth, resulting in a semi-stable intermediate form with an active respiration process that is still heat stable. Secondly, although the contact time with chloroform during the extraction process is short, germinated spores may, in contrast to resistant non-germinated spores, not survive the extraction process because the loss of resistance to chemicals. Since no significant loss of viable spores was detected after moisture activation and storage for 15 days, one could conclude that only a small fraction of incorporated viable spores will germinate and will actively consume oxygen.
Membrane integrity test
Integrity of the cell wall is a known parameter to characterize cell viability. It was previously shown that the fluorescence based Live/ Dead BacLight Bacterial Viability kit can provide useful information about the membrane integrity of Bacillus endospores (Laflamme, Lavigne, Ho, & Duchaine, 2004) . Analysis of pressed plates (Fig. 3A) clearly showed zones with minimal red fluorescence, reflecting the presence of large concentrations of viable spores. Staining of PETG plates without spores did not show any red or green fluorescence (Fig. 3B) . As a negative control, spores were incorporated at a higher temperature of 250°C. For these samples, no viable spores could be extracted from the PETG matrix. After staining, only double stained zones with damaged spores could be seen (Fig. 3 C) . This shows that propidium iodide is able to diffuse in damaged spores incorporated in PETG and is therefore considered as an adequate dye for this purpose.
Oxygen absorption rate
Headspace oxygen concentrations in the closed recipients as a function of time are given in Fig. 4 . A clear oxygen reduction can be seen for the plates containing 4% spores, while in plates without spores no change in oxygen concentration was found. In all samples, it was observed that oxygen absorption only started after 1-2 days. During the activation of the OS two processes occur. Firstly moisture uptake of PETG takes place until the minimal germination requirements of Bacillus amyloliquefaciens spores are reached. This is followed by possible activation and germination of spores. From Fig. 2 it can be seen that after 2 days PETG with incorporated spores had a moisture uptake of 0.84 ± 0.02%, suggesting that this is the minimum level needed for spore germination. After three days a decrease in oxygen concentration was found in samples containing 4% spores.
The consumption of oxygen in time was fitted by means of a second order polynomial function. In Table 1 the resulting coefficients and the R² are given for the four repetitions. For all samples a R² of more than 0.979 was found, suggesting a good relation between the data and the fit. Oxygen absorption measurements showed an average OAR of 0.10 ± 0.02 ml O 2 g − 1 PETG day − 1 at 1 ml O 2 . After a period of 15 days 0.60 ± 0.08 ml O 2 g − 1 PETG was consumed.
The oxygen absorption rate is dependent on the respiratory metabolism of the germinated spores. In Fig. 5 , the oxygen absorption rate is shown in relation to the residual oxygen concentration.
Increasing the residual oxygen concentration leads to a stagnation in OAR, suggesting that eventually a maximum OAR will be reached. Oxygen absorption slowed down when oxygen concentration reached Fig. 3 . Results of membrane integrity test (Live/Dead BacLight Bacterial Viability kit). Plates were incubated for 15 min at room temperature in contact with 12 μM Syto 9 and 60 μM Propidium Iodide and washed before analysis with a confocal microscope. All spores will be stained green (SYTO 9), while only damaged spores were also stained red (propidium iodide). (A) PETG with 4% spores incorporated at 210°C, (B) PETG without spores and (C) extruded PETG (250°C). levels of 0.6-0.7 ml. In many cases a Michaelis-Menten type equation, based upon enzymatic kinetics, is used to describe respiration kinetics and the dependence of O 2 concentrations on respiration rate (Gong & Corey, 1994; Jin & Bethke, 2007) . However, no satisfactory linear relationship was found here after transforming the measured data to a Lineweaver-Burke plot between the reciprocal values of both the oxygen absorption rate and the oxygen concentration (Fig. 6) .
This indicates that, although enzymatic reactions are responsible for the oxygen absorption, the data does not correspond to a Michaelis-Menten type equation. The Lineweaver-Burke plot shows a faster than expected decline of the OAR with lowering residual oxygen concentrations, giving a deviation from linearity towards the higher 1/O 2 values. This could be explained by a gradually decreasing metabolic activity. Several factors can account for this. Firstly, no supplementary nutrients were added in the PETG matrix. The residues from the sporulation medium and cell debris from the incorporation procedure are the only carbon and nitrogen source available for germination and the resulting aerobic metabolism. Depletion of available nutrients can lead to decreasing metabolic activity and OAR. It should be mentioned that data points on the most right side of Fig. 6 , correspond to measurements at the end of the experiment (days 14, 15) . Including extra carbon and nitrogen sources during the incorporation procedure could result in an extended activity time. Secondly, PETG is a rigid matrix which can hinder the spreading and diffusing of produced metabolites. An accumulation of CO 2 , EtOH or other metabolites can lead to a gradually self-intoxication of incorporated cells and an inhibition of the metabolic activity. Since this can never be completely avoided, this accumulation could prove to be the limiting factor in scavenging activity. Possible measures can be taken to slow down this process. Changing the dispersion of incorporated spores could improve the metabolite diffusion, and altering the addition of available nutrients could possibly regulate the metabolite production. Galdi, Nicolais, Di Maio, and Incarnato (2008) determined the maximum scavenging capacity (ml O 2 ) of monolayer films containing 5% AMOSORB. For all samples values ranged from 0.81 to 0.86 ml g − 1 , which is quite comparable to the 0.60 ± 0.08 ml O 2 g − 1 PETG (Fig. 4) found for incorporated Bacillus amyloliquefaciens spores. In the case of 5% AMOSORB monolayer films, scavenging activity stopped after 26 h storage time (Galdi et al., 2008) , while incorporated spores could still consume oxygen after 15 days storage at 30°C although at a slower rate. At the end of measurements, as a control, PETG plates were removed from the recipients and measurements were repeated to exclude oxygen consumption by chemical reactions or microbiological outgrowth that occurred in the activation liquid. No oxygen absorption was found in empty recipients pointing out that germination and respiration of incorporated spores accounted for the measured oxygen absorption.
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Conclusions
In this work a new method is proposed to produce oxygen scavenger materials by incorporating heat resistant Bacillus amyloliquefaciens spores at 210°C in PETG plates as the active ingredient. Besides the lower processing temperature, it was shown that PETG has a significant higher moisture uptake at 30°C, making it a more suitable carrier material to allow spore rehydration and germination. Finally, the oxygen uptake rate of the oxygen scavenger material was determined as 0.10 ± 0.02 ml O 2 g − 1 PETG day − 1 at a residual headspace O 2 content of 1 ml, with a total oxygen uptake capacity being comparable with a current chemical scavenger.
Further investigations are necessary to determine a possible interaction between incorporated spores and the food product. Secondly, research is needed to upscale the proposed modelsystem to an effective bottle allowing shelf life and food safety studies, such as migration, on food products.
Overall, the results show great promise for the proposed system in the field of oxygen scavenging materials for PET bottles. The system shows some clear opportunities, such as being a biological based system and its capability of solving polymer compatibility and recyclability issues, towards the current chemical systems. Besides this, there is the distinct advantage over previous described biocatalytic systems that the active compound can be incorporated directly in the polymer matrix making the addition of sachets or coatings redundant.
